Human norovirus (HuNoV) is the leading cause of gastroenteritis worldwide. HuNoV replication studies have been hampered by the inability to grow the virus in cultured cells. The HuNoV genome is a positive-sense single-stranded RNA (ssRNA) molecule with three open reading frames (ORFs). We established a reverse genetics system driven by a mammalian promoter that functions without helper virus. The complete genome of the HuNoV genogroup II.3 U201 strain was cloned downstream of an elongation factor-1α (EF-1α) mammalian promoter. Cells transfected with plasmid containing the full-length genome (pHuNoV U201F ) expressed the ORF1 polyprotein, which was cleaved by the viral protease to produce the mature nonstructural viral proteins, and the capsid proteins. Progeny virus produced from the transfected cells contained the complete NoV genomic RNA (VP1, VP2, and VPg) and exhibited the same density in isopycnic cesium chloride gradients as native infectious NoV particles from a patient's stool. This system also was applied to drive murine NoV RNA replication and produced infectious progeny virions. A GFP reporter construct containing the GFP gene in ORF1 produced complete virions that contain VPg-linked RNA. RNA from virions containing the encapsidated GFP-genomic RNA was successfully transfected back into cells producing fluorescent puncta, indicating that the encapsidated RNA is replication-competent. The EF-1α mammalian promoter expression system provides the first reverse genetics system, to our knowledge, generalizable for human and animal NoVs that does not require a helper virus. Establishing a complete reverse genetics system expressed from cDNA for HuNoVs now allows the manipulation of the viral genome and production of reporter virions.
reporter-tagged norovirus | helper-virus-free reverse genetic system H uman noroviruses (HuNoVs) belong to the genus Norovirus of the family Caliciviridae and are the predominant cause of epidemic and sporadic cases of acute gastroenteritis worldwide (1, 2) . HuNoVs are spread through contaminated water or food, such as oysters, shellfish, or ice, and by person-to-person transmission (3, 4) . Although HuNoVs were identified more than 40 y ago, our understanding of the replication cycle and mechanisms of pathogenicity is limited, because these viruses remain noncultivatable in vitro, a robust small animal model to study viral infection is not available, and reports of successful passage of HuNoVs in a 3D cell culture system have not been reproduced (5) (6) (7) . Recently, a murine model for HuNoV infection was described that involves intraperitoneal inoculation of immunocompromised mice (8) ; its generalizability and robustness for studying individual HuNoVs and many aspects of HuNoV biology remain to be established. Gnotobiotic pigs can support replication of a HuNoV genogroup II (GII) strain with the occurrence of mild diarrhea, fecal virus shedding, and immunofluorescent (IF) detection of both structural and nonstructural proteins in enterocytes (9) . Previous systems to express the HuNoV genome from cloned DNA using T7/vaccinia systems showed that mammalian cells can produce progeny virus (10, 11) , but these systems are not sufficiently efficient to be widely used to propagate HuNoVs in vitro. The factors responsible for the block(s) of viral replication using standard cell culture systems remain unknown.
The HuNoV genome is a positive-sense ssRNA of ∼7.6 kb that is organized in three ORFs: ORF1 encodes a nonstructural polyprotein, and ORF2 and ORF3 encode the major and minor capsid proteins VP1 and VP2, respectively. Because of the lack of an in vitro system to propagate HuNoV, features of their life cycle have been inferred from studies using other animal caliciviruses and murine NoV (MNV) that can be cultivated in mammalian cell cultures (12) . A 3′ coterminal polyadenylated subgenomic RNA is produced within infected cells. Both genomic and subgenomic RNAs have the same nucleotide sequence motif at their 5′ ends, and they are believed for HuNoVs and shown for MNV to be covalently linked to the nonstructural protein VPg at the 5′ ends (10, 13) . During MNV infection of cells, nonstructural proteins are expressed from genomic RNA and form an RNA replication complex that generates new genomic RNA molecules as well as subgenomic RNAs encoding VP1, VP2, and the unique protein called VF1 (14) . After expression of the structural proteins from subgenomic RNA molecules, the capsid is assembled, and viral RNA is encapsidated before progeny release. Previous reverse genetics systems for HuNoV used helper vaccinia MVA/T7 virus-based systems. Although helper virus-free systems have been developed for MNV (15, 16) , no such system is available for HuNoVs. To overcome these problems, we established a reverse genetics system driven by a mammalian elongation factor-1α
Significance
Human noroviruses are the predominant cause of acute gastroenteritis worldwide, but they remain noncultivatable. A tractable system is needed to understand the host restriction to cultivation. We established a reverse genetics system driven by a mammalian elongation factor-1α promoter without helper virus. This system supports genome replication, particle formation, and particles containing a GFP-marked genomic RNA. RNA from these particles is infectious. The system also produces infectious murine norovirus, confirming its broad applicability to other noroviruses.
(EF-1α) promoter without helper virus and then modified this system to package a reporter gene (GFP) into ORF1.
Results

ORF1 Polyprotein Is
Cleaved by the ORF1-Encoded Protease. After unsuccessful attempts to obtain HuNoV genome expression using the CMV promoter, we cloned the HuNoV GII.3 U201 genome into an expression cassette under the control of the promoter regulating the human EF-1α (Fig. S1A ). This vector, named pHuNoV U201F , contains two exons and an intron from the EF-1α gene that include transcription binding sites for both Sp-1 and AP-1 for efficient transcription of the insert (17) . In addition, pHuNoV U201F contains an hepatitis delta virus ribozyme that cleaves the RNA after the poly(A) sequence to produce the 3′ end of the RNA. After transcription, mRNA is produced, includes a 5′ cap and the poly(A) sequence, and is used for the translation of the HuNoV polyprotein. Based on this parental vector, other constructs were produced (SI Materials and Methods and Fig. S1 B-F) .
ORF1 of the HuNoV genome encodes a polyprotein that is cleaved by the viral protease into the mature proteins (Fig. 1A indicates the ORF1 proteins using their names based on function and nonstructural protein numeric designations) (18) (19) (20) . To assess ORF1 synthesis and polyprotein cleavage, Western blot analysis was performed at 24 h posttransfection (hpt) (Fig. 1B ) using protein-specific antibodies on lysates of COS7 cells mock-transfected or transfected with the full-length construct (pHuNoV U201F ) or the protease KO mutant construct pHuNoV U201FproM , which produces a nonfunctional protease (Fig. S1C) . No or few background bands were detected in mocktransfected cells (Fig. 1B, lane 1) . In cells expressing the complete genome (Fig. 1B, lane 2) , each protein-specific antibody detected the mature cleavage products (Fig. 1B, black arrowheads) , with a larger possible precursor protein detected clearly only in the case of VPg (Fig. 1B, asterisk) . Cells transfected with the protease KO construct (Fig. 1B, lane 3) primarily expressed a 189-kDa polyprotein (Fig. 1B , white arrowheads) detected with each proteinspecific antibody as well as several minor bands differentially detected by a subset of the specific sera. These results indicate that a functional U201 RNA is transcribed from the EF-1α promoter that is not spliced internally within the viral genome, and this RNA expresses a complete and functional ORF1 polyprotein. Identification of each mature product was confirmed by expression of each individual protein (Fig. 1C) . The lack of detection of most of the precursor proteins likely reflects the late time point examined. The structural proteins VP1 and VP2 encoded by ORF2 and ORF3, respectively, were not detected by Western blot in cells at 24 hpt. The same results were seen in HEK293T, Huh7, and Caco2 cells.
Cellular Localization of the NoV Nonstructural Proteins Expressed
from the Full-Length pHuNoV U201F Construct. The localization of the nonstructural proteins expressed in cells transfected with the pHuNoV U201F or pHuNoV U201FproM plasmid constructs was visualized by confocal microscopy in fixed cells stained using each nonstructural protein-specific antibody; these two constructs generate the cleaved ORF1 mature proteins or the ORF1 polyprotein, respectively. Each of the detected proteins showed cytoplasmic staining in a subset of cells, with RdRp exhibiting a more diffuse distribution, whereas others showed a more punctate perinuclear staining (N-term, NTPase, 3A-like, VPg, and protease) ( Fig. 2A,  Upper) . Together with the Western blot data, these results confirm that pHuNoV U201F expressed the complete ORF1 protein (from the N terminus to C terminus). Cells transfected with the protease KO plasmid (pHuNoV U201FproM ) showed a different IF staining pattern (Fig. 2A , Lower) compared with those from pHuNoV U201F -transfected cells. The antibodies to the N-terminal protein, VPg, protease, and RdRp detected broadly diffuse cytoplasmic signals. The NTPase and 3A-like proteins were not detected in cells expressing the protease mutant by IF (Fig. 2A) , although they were detected within the polyprotein by Western blot. Some background signal was also detected using the 3A-like antiserum in cells transfected with an empty vector, pKS435gateA3 ( Fig. 2A , mock in 3A-like panel). These differences suggest that the uncleaved ORF1 polyprotein was present in the cells but that epitopes on the NTPase and 3A-like proteins are not accessible for binding to their respective antibodies. These results indicate that only the cleaved ORF1 proteins show a functional localization. Additional staining with an endoplasmic reticulum (ER) marker showed that the uncleaved ORF1 polyprotein was retained in the ER (Fig. 2B) .
To determine whether protease provided in trans could rescue ORF1 polyprotein cleavage, cells were transfected with the protease mutant (pHuNoV U201FproM ) plasmid, and 24 h later, a wild type (WT) or mutant protease-expressing plasmid was transfected into the cells. After another 24 h, protein production was examined by IF (Fig. S2 ) and Western blot (Fig. S3) . Protein localization was similar in the cells cotransfected with the WT protease as observed in pHuNoV U201F -transfected cells (Fig. 2A, Upper and Fig. S2 ). This observation indicates that the WT protease added in trans was able to cleave the polyprotein and led to redistribution of the cleaved mature products. Sequential cotransfections with mutant protease plasmids did not lead to redistribution of N-term, VPg, or protease or detection of NTPase and 3A-like proteins (Fig. S2, Lower) . Western blot analysis confirmed that the protease was made when pHuNoV U201F , pHuNoV U201-pro , and pHuNoV U201-proM were transfected into cells (Fig. S3, Left) . The protease made from pHuNoV U201F and pHuNoV U201-pro was functional when it was coexpressed with mutant pHuNoV U201-proM (Fig. S3, Right, lane 3) , but the protease remained nonfunctional when pHuNoV U201-proM was coexpressed with the full-length pHuNoV U201F-proM construct (Fig. S3, each lane 4) . Expressed Viral Proteins Produce Negative-Sense Genomic RNA, Genomic RNA, and Subgenomic RNA. To analyze virus genome replication, we performed Northern blot analysis to detect newly synthesized HuNoV genomic RNA, subgenomic RNA, and negative-strand RNA. We transfected COS7 cells with pHuNoV U201F and pHuNoV U201-ORF2,3 as a subgenomic-sized control. In addition, COS7 cells were transfected with pHuNoV U201F-ORF1-IRES-GFP (Fig. S1C) to monitor transfection rate and as a polymerase KO construct, because it contains a stop codon after the GFP. Total RNA was extracted from the cells at 24 and 48 hpt, and 1 μg RNA was used for Northern blot analysis. Bands corresponding to genomic RNA and subgenomic RNA were identified by analysis of in vitro transcribed RNA on a control blot (Fig. S4) . A negative-sense RNA probe (spanning 7,343-5,370 nt) was used to detect positive-strand HuNoV RNA. A doublet band (Fig. S4 , black arrowheads) that migrated slightly slower than the 7.6-kb genomic RNA control band was detected from cells expressing pHuNoV U201F at 24 and 48 hpt (Fig. S4A, lane 1) . RNA isolated from cells transfected with the pHuNoV U201F-ORF1-IRES-GFP construct (RdRp KO) migrated slightly above the upper doublet band (Fig. S4A, white arrowhead) . To characterize these RNA molecules, 5′ RACE and 3′ RACE were performed on these RNA bands after excision from the agarose gel. Two different 5′-end sequences were detected from the doublet RNA band at 7.6 kb in pHuNoV U201F -transfected cells. One RNA included 107 nt corresponding to the EF-1α exon sequence included in the pKS435gateA3 vector before the 5′ end of the genome of U201 5′-GUGAAUGAAGAUG; the other sequence was identical to the native U201 genome 5′ end, providing additional evidence that authentic replication occurred. The 3′-end sequences of both the upper and lower 7.6-kb RNA bands were identical to the U201 genome sequence, including a poly(A) tail, and did not include any other sequences. The larger-sized mRNA expressed from the pHuNoV U201F-ORF1-IRES-GFP plasmid also contained the 107-nt EF-1α exon sequence at the 5′ end and an extra 39 nt that correspond to the internal ribosome entry site (IRES-GFP) sequences inserted in the ORF1.
At 48 hpt, a subgenomic-sized band was detected in cells expressing pHuNoV U201F (Fig. S4A, 48 hpt lane 1). This band migrated slightly above the 2.6-kb in vitro transcribed subgenomic RNA control and was weaker in intensity than the genomic-sized band. This subgenomic band also migrated slightly slower than the RNA from the ORF2, ORF3 RNA construct (Fig. S4A, 48 hpt lane 2), possibly because of the presence of VPg. The subgenomicsized band was excised, 5′ RACE and 3′ RACE were performed, and the nucleotide sequences were compared with those from viral RNA molecules obtained from the original U201 viruscontaining positive stool sample. The 5′ end of the subgenomicsized band generated from pHuNoV U201F showed 5′-GUGAA-UGAAGAUG, which was identical to the sequence from the original U201 RNA molecule. This finding is the first demonstration, to our knowledge, of a newly generated subgenomic RNA sequence in a helper virus-free HuNoV GII reverse genetics system, and it confirms results reported with the prototype GI HuNoV after replication using the MVA/T7 vaccinia virus system (10). Negativestrand RNA was only detected in pHuNoV U201F -transfected cells (Fig. S4B , lane 1) with a size that was slightly larger than the genome size using a positive-sense RNA probe, and the band intensity of the negative-strand RNA increased from 24 to 48 hpt. Several extra degraded RNA or nonspecific bands were observed in the pHuNoV U201F -transfected cells at 48 hpt ( Subgenomic RNA Produces Structural Proteins VP1 and VP2 in pHuNoV U201F -Transfected Cells. Because subgenomic RNA was detected in the pHuNoV U201F -transfected COS7 cells (Fig. S4A) , we next determined whether the structural proteins VP1 and VP2
were expressed from the subgenomic RNA. The major structural protein VP1 and minor structural protein VP2 were detected by IF using protein-specific antibodies in pHuNoV U201F -transfected COS7 cells (Fig. S4 D and E). To confirm that ORF1 protein expression led to structural protein expression, we also costained for VPg using anti-VPg mAb. VP1 was detected in pHuNoV U201F -transfected cells as a green signal, whereas VPg was detected in the same cells as red granular-like signals (Fig. S4D , white arrowheads). VP2 (Fig. S4E , green) was detected in a subset of cells also expressing VPg (Fig. S4E, red) . These data indicate VP1 and VP2 were produced in pHuNoV U201F -transfected cells, and expression of these proteins was only observed in cells that expressed the ORF1 protein VPg. The capsid proteins were not able to be detected by Western blot using either rabbit or guinea pig polyclonal antibody to U201 VP1, VP2, or VLP.
To confirm VP1 expression from transcribed subgenomic RNA in cells, we evaluated GFP expression using time-lapse imaging of COS7 cells (Fig. S5A , Upper) transfected with the pHuNoV U201F-ORF2GFP (Fig. S1D) . GFP was first visualized by 12 hpt, and visualization remained high through 48 hpt. Cytopathic effect (CPE) was observed within cells containing the GFP signal. In contrast, cells transfected with the RdRp KO mutant pHuNoV U201FΔ4607G-ORF2GFP failed to show any GFP signal (Fig. S5A , Upper). Additionally, we confirmed VP1 synthesis by using a full-length construct containing the highly sensitive reporter Renilla luciferase (Rluc) inserted into ORF2 (Figs. S1D and S5B). Time-dependent detection of Rluc expression in pHuNoV U201F-ORF2Rluc -transfected COS7 cells was detected 12 hpt followed by a sharp increase that peaked at 24 hpt with a maximum of 3.9 × 10 5 arbitrary units (A.U.). By 48 hpt, the Rluc activity sharply decreased to less than 1.0 × 10 5 A.U. In contrast, cells expressing the RdRp KO construct pHuNoV U201FΔ4607G-ORF2Rluc produced less than 10 5 A.U. These data provided clear independent confirmation that our plasmidbased reverse genetics system drives HuNoV genome replication and produces VP1 protein from subgenomic RNA.
Progeny HuNoVs Were Produced from pHuNoV U201F -Transfected Cells.
The pHuNoV U201F -transfected cells expressed nonstructural proteins and structural proteins, and they also generated genomic-and subgenomic-sized RNAs. To determine whether progeny virus was produced, large-scale cultures (10 T255 culture flasks) were transfected and processed as described in Materials and Methods. Cesium chloride (CsCl) gradients were fractionated into 12 fractions (450 μL each that were further subdivided into 50-or 100-μL aliquots for additional characterization). Fractions 1-12 were evaluated for density and the presence of the viral capsid proteins VP1 and VP2 by Western blot using rabbit anti-U201 VLP antisera that can detect VP1 and VP2 (Fig. 3A) (11) . VP1 was detected in fractions 2-12, with a peak band intensity in fraction 9. VP2 was also detected in fractions 7-9. A separate aliquot of each fraction was treated with nuclease to remove any exogenous RNA and plasmid DNA. Encapsidated HuNoV genomic RNA was extracted and subsequently detected by Northern blot analysis (Fig. 3B) . A 7.6-kb band was observed in fractions 6-10. The strongest band was in fraction 9, which had a density of 1.39 g/cm 3 (the approximate density of native infectious HuNoV virions). No subgenomic RNA signal was detected in any fraction. We also analyzed each untreated fraction by Western blot using the U201 VPg mAb (Fig. 3C) . Unexpectedly, multiple bands of VPg were observed in samples from fractions 7-10, with predominant bands of 20, 27, and 32 kDa and minor bands of 50, 65, and 75 kDa. These results suggested that VPg is attached or strongly associated with the genomic RNA, consistent with it being a multifunctional genome-linked protein. To address this possibility, aliquots from fractions 7-10 were treated with RNase, and the proteins were analyzed by Western blot. The multiple bands disappeared completely, and a single band of 20 kDa was detected (Fig. 3C , RNase treated). This band was the same size as the mature VPg detected from expression of the full-length genome (Fig. 1B) and the individually expressed VPg protein from pHuNoV U201-VPg (Fig. 1C) . These results indicate that different conformations of VPg may be associated with genomic RNA and/or covalently linked with genomic RNA and packaged into virions. The multiple bands in the nonnuclease-digested samples are possibly an indication of limited hydrolysis of the VPg-linked RNA during sample preparation for SDS/PAGE. Alternatively, they may be caused by the RNA adopting multiple conformations during separation by SDS/PAGE.
To confirm that HuNoV progeny virus was present in fractions 8-10, we analyzed each fraction by transmission EM. Ten to fifty native HuNoV-like virions per grid were found in fraction 9 (Fig.  3D) , and a few particles were observed in fractions 8 and 10. The observed 40-nm virions exhibited the characteristic NoV structure.
Taken together, these results indicate that this reverse genetics system produces authentic progeny HuNoV particles that contain VPg as a genome-associated protein, genomic RNA, VP1, and VP2 and a structure and density similar to HuNoV virions detected in stool samples.
GFP Reporter Construct Can Produce Progeny Virus. Next, we sought to produce a reporter-tagged HuNoV by inserting the GFP reporter gene in the U201 genome. The GFP gene was cloned into ORF1 between the NTPase and 3A-like proteins. A U201 protease cleavage motif QG was placed at the N terminus of GFP, and three additional amino acid residues from the native sequence of cleavage site FELQG were added at the C-terminal end of GFP (construct named pHuNoV U201F-NTP/GFP/3A ) (Fig. S1E) (21) . Cells transfected with the pHuNoV U201F-NTP/GFP/3A construct expressed a strong GFP signal, indicating that ORF1 translation was efficient (Fig. 4A) . In contrast, GFP was not cleaved from a protease mutant pHuNoV U201FproM-NTP/GFP/3A construct (Fig. 4B, lane 4) , and the GFP exhibited a punctate localization (Fig. 4A) . We confirmed and compared ORF1 cleavage using Western blot with NTPase-, 3A-like protein-, and GFP-specific antibodies. GFP was efficiently cleaved from the ORF1 polyprotein produced from the pHuNoV U201F-NTP/GFP/3A along with the NTPase and 3A-like proteins (Fig. 4B, lane 3) . The cleaved and mature NTPase and 3A-like protein bands were similar in size to those seen in cells expressing pHuNoV U201F when NTPase and 3A-like antibodies were used for detection (Fig. 4B, lane 2) . Additional 47-, 63-, 87-, 124-, and 216-kDa bands were detected with GFP mAb. These bands likely corresponded to GFP-3A, GFP-3A-VPg, NTPase-GFP-3A, N-term-NTP-GFP-3A, and uncut polyprotein (Fig. S6) . These results suggested that pHuNoV U201F-NTP/GFP/3A had the possibility to produce progeny virus containing a reporter gene.
Progeny virus production from the pHuNoV U201F-NTP/GFP/3A plasmid was evaluated using the same methods and scale as for the parental pHuNoV U201F . Fraction 9 included progeny virus with the same morphology by EM as that produced from pHuNoV U201F ; however, the virion production level was lower (up to 50-fold less) than pHuNoV U201F (Fig. 4C and Table 1 ).
Progeny HuNoV Particles Contain Infectious RNA. The pHuNoV U201F system produced progeny viruses that should be infectious. However, infectivity could not be tested directly, because we still lack a small animal model and a susceptible cell culture system that supports HuNoV replication. An alternative is to determine whether the RNA encapsidated in the progeny virus produced from pHuNoV U201F and pHuNoV U201F-NTP/GFP/3A is infectious. Genomic RNA extracted from these particles was transfected into COS7 cells according to our previously reported protocol (22) , and viral protein expression was monitored (Fig. 4D) . Granular VPg protein was detected by IF in cells transfected with RNA extracted from particles produced from the pHuNoV U201F plasmid. This observation showed that nonstructural proteins were expressed from the transfected RNA. When we transfected RNA extracted from the particles produced from the pHuNoV U201F-NTP/GFP/3A plasmid, expression of the encoded GFP was detected. Taken together, the reporter RNA encapsidated into the NoV particle produced by the pHuNoV U201F system was active when expressed by itself. Therefore, these particles are likely to be infectious.
This Helper-Free Reverse Genetics System Is Generalizable for Other NoVs. To test its generalizability, the EF-1α mammalian promoter system initially optimized for the GII.3 U201 strain was applied to make constructs expressing other strains of HuNoV, including a GII.P4-GII.3 chimeric virus TCH04-577 strain [nomenclature as proposed by Kroneman et al. (23)], a GII.4 Saga1 strain, and the GI.1 NV68 strain (Fig. S1F) . To determine the efficiency of progeny virus release, nuclease-resistant and encapsidaded RNA in culture supernatants from 10 6 cells was evaluated by semiquantitative, long-distance RT-PCR (Fig. S7) . COS7 cells transfected with pHuNoV U201F and pHuNoV U201F-NTP/GFP/3A produced detectable genomic RNA, whereas no RNA was amplified from cells transfected with the negative-control pHuNoV U201FΔ4607G construct or mock-transfected cells. The expression vectors for other GII strains (TCH04-577 and Saga1) produced little viral RNA in COS7 cells (Fig. S7B) . The copy numbers of recovered viruses, determined by comparison of band intensities with known copy numbers of plasmid standards (Fig. S7A) 
6 COS7 cells transfected with pHuNoV U201F and pHuNoV U201F-NTP/GFP/3A , respectively. Production of the TCH04-577, Saga1, and NV68 strains was 10-to 1,000-fold lower. Yields were also examined and compared after transfection of the constructs into human cell lines HEK293T, Huh7, and Caco2. RT-PCR products from HEK293T culture supernatants were detected from all plasmids, except the negative-control pHuNoV U201FΔ4607G -or mock-transfected cells (Fig. S7C) . The production level of each strain varied in HEK293T cells from 2.4 × 10 2 to 1.4 × 10 4 copies/10 6 cells, whereas yields were lower in Huh7 and Caco2 cells (Table 1) .
Finally, we evaluated this system using the MNV S7 strain (24) (25) (26) , which is cultivable in murine macrophage cells. The pMNV S7F plasmid, which contains the full genome of MNV S7 strain (Fig.  S1F) , was transfected into COS7 and HEK293T cells, and 2.3 × 10 3 and 1.5 × 10 4 copies of progeny virus were released from 10 6 cells of COS7 and HEK293T, respectively ( Table 1) . Yields of infectious MNV were 3.4 × 10 2 and 2.0 × 10 3 tissue culture infectious dose-50% (TCID 50 ) from COS7 and 293T cells, respectively. Transfection of a protease KO mutant of MNV, pMNV S7FΔ4572G (Fig. S1F ), failed to produce detectable viral RNA in HEK293T cells (Fig. 5A) . Progeny virus released from HEK293T cells was collected and purified from the supernatant of 10 T225 culture flasks by CsCl ultracentrifugation. The peak fraction (1.36 g/cm 3 ) contained MNV particles as observed by negative-staining EM (Fig. 5B) . The infectivity of the virus released into the culture supernatant at 48 hpt from the pMNV S7F -transfected HEK293T cells cultured in a six-well plate was tested by inoculation onto the murine macrophage line RAW264.7 cells. Expressions of the capsid protein VP1 and nonstructural N-term protein were detected in RAW264.7 cells at 48 h postinfection by IF microscopy (Fig. 5C ), similar to results seen using pol II-driven systems for MNV (16) . Taken together, these results show that simple single-plasmid transfection into HEK293T cells allows for the efficient and facile recovery of recombinant HuNoV strains and MNV. The recovery of infectious MNV indicates that this system has the capacity to produce infectious virus.
Discussion
The absence of a robust cell culture model for HuNoV infection has limited the study of the mechanisms that regulate viral replication and virus-host interactions as well as the development of effective antivirals. Previously, we reported the first experiments to establish reverse genetics systems for HuNoV GI.1 NV68 (10) and GII.3 U201 strains using recombinant vaccinia virus T7-based systems (11) . These two systems produced nonstructural and structural proteins VP1 and VP2, respectively, from the subgenomic RNA, but particle production was inefficient. Recruitment of host cell translation initiation factors to the cytoplasmic replication factories produced during vaccinia virus replication (24) may have contributed to the inefficient NoV replication, structural protein translation, and particle assembly. Use of MVA/T7 to establish reverse genetics systems for calicivirus has varied and is successful with feline calicivirus (FCV) (25) but not porcine enteric calicivirus (PEC) (26) or MNV (27) . A modified fowlpox virus expressing T7 RNA polymerase (FPV-T7) reverse genetics system recovers infectious MNV from cells transfected with a full-length MNV cDNA clone, but vaccinia virus inhibits MNV replication (27) . The FPV-T7 system has been unable to directly recover infectious MNV from fully permissive RAW264.7 cells, presumably because of poor transfection rates and inefficient FPV-T7 infection in the RAW264.7 cells. Although reverse genetics systems with helper virus show the ability of mammalian cells to produce progeny virus, we sought to establish a simple, helper virus-free system to overcome the potential risk of inhibition of HuNoV replication by helper virus.
DNA-based systems using the pol II promoter to drive expression of viral cDNA directly or by baculovirus delivery have produced MNV (16) , and a CMV promoter system recovered rabbit hemorrhagic disease virus (RHDV) (28) . In vitro-transcribed RNA-based systems have recently been successful for several animal NoVs and caliciviruses, with variation in the requirement for capped or uncapped RNA [FCV (29, 30) , PEC (26) , MNV (15, 31) , RHDV (32), and Tulane virus (33) ]. Here, we report a generalizable reverse genetics system for HuNoVs that uses the EF-1α promoter and viral cDNA to produce progeny virus containing infectious RNA as well as has the ability to recover virus containing a reporter GFP gene. Infectious MNV is also recovered using this system. These studies clarify several unanswered questions about HuNoVs. First, they show that authentic U201 RNA is produced and that the sequence of the subgenomic RNA generated by this reverse genetics system is identical to the predicted native subgenomic RNA. This finding confirms results from the MVA/T7 system that expressed the NV genome (10) . Second, they show that progeny virus with a similar density to native virions (11) contains not only the predicted VP1, VP2, and genomic RNA but also, VPg (Fig. 3 A-C) . Progeny HuNoV recovered from this reverse genetics system contains authentic infectious VPg-linked RNA, which was supported by the demonstration that RNA extracted from progeny virus is infectious (Fig. 4) . This outcome mimics previous results showing that viral RNA extracted from the stools of infected volunteers is infectious when it contains VPg (22) . An unexpected result was the detection of several distinct bands of VPg detected by Western blot that were apparently linked with RNA in the newly made, purified progeny virus (Fig. 3C) . Treatment of the samples with RNase resulted in the appearance of a single VPg band. Although VPg-linked RNA is encapsidated, unfortunately, we cannot directly test the infectivity of the progeny virus, because we still lack a permissive culture system to grow HuNoVs. However, infectious NoV is made using this system, which was shown by the ability to produce MNV that infects RAW264.7 cells (Fig. 5C ).
An unexplained finding is the detection of doublet bands on the Northern blot corresponding to the authentic negative genomic strand and a second larger strand (Fig. S4B, 48 hpt) . We hypothesize that the larger band contains an extra 107 nt corresponding to the EF-1α exon sequence generated by the viral RdRp during negative-strand synthesis using the plasmid-generated transcript as a template, but we were not able to confirm it. Based on the previous observations that NoV RdRp activity is poly-A-and primer-independent (34) and that the authentic-sized negativeand positive-sense RNA bands are present, we suggest that the RdRp can recognize and initiate genomic RNA synthesis at the native 5′ end. A similar mechanism could be involved in the generation of subgenomic RNA.
This study made several previously unknown observations regarding HuNoV nonstructural protein processing and function. We found that six mature nonstructural proteins that comigrate with expressed recombinant proteins were detected by Western blot at 24 hpt (Fig. 1 B and C) . Thus, cleavage of the precursor proteins seems to be quite efficient when the nonstructural proteins are expressed from the EF-1α promoter in COS7 cells; this finding contrasts with previous results, where intermediate precursors were detected in cells expressing the nonstructural proteins from the MVA/T7 system in HEK293T cells (11) . One exception was the clear detection using only the VPg antiserum of an ∼40-kDa band by Western blot in pHuNoV U201F -transfected COS7 cells (Fig. 1B, asterisk and Fig. S3, α-VPg) . This band seems to be distinct from the proposed ∼40-kDa precursor intermediate band previously detected with both VPg and 3A-like antisera in pT7 U201F -transfected HEK293T cells (11) . We suspect that this ∼40-kDa band is the 3A-like VPg precursor, and other faint bands at ∼60 and ∼120 kDa are additional VPgcontaining precursors. It also is possible that different efficiencies of protease cleavage between different (COS7 and HEK293T) cell types explain the detection of different degrees of precursor cleavage for the U201 polyprotein. Our studies provide information about the HuNoV 189-kDa precursor polyprotein and its cleavage products in mammalian cells. The polyprotein was only detected when constructs expressing a mutated protease were evaluated by Western blot (Fig. 1) , and diffuse cytoplasmic staining of the polyprotein was detected by IF with only a subset of protein-specific antibodies (Fig. 2) . The polyprotein was retained within the ER based on colocalization with an ER marker (Fig. 2B) . It was susceptible to cleavage by WT protease added in trans, which resulted in a redistribution of the mature cleavage products that were all detected by proteinspecific antibodies in new cellular locations (Fig. S2) . The lack of detection of the polyprotein by the antibodies to NTPase and the 3A-like protein was unexpected (Fig. 2 and Fig. S2 ) but likely reflects masking of the epitopes in the uncleaved polyprotein structure. We also showed that the phenotype of the protease KO mutant can be negated by transfection of a plasmid that expresses a WT protease in trans (Figs. S2 and S3 ). This result illustrates one level of possible regulation of expression in this system. Demonstration that the mature HuNoV protease can function in trans in cells confirms results with other NoV and calicivirus systems that tested trans protease activity in bacterial or in vitro cell-free translation systems (18) (19) (20) (35) (36) (37) (38) or cells transfected with ORF1 constructs (39) . They also suggest that establishment of a cell line that expresses a mutant full-length HuNoV ORF1 construct that includes a reporter protein that would be released for detection after cleavage could lead to a useful assay to detect superinfection with an infectious HuNoV with active protease that could release the reporter.
Using this reverse genetics system, we successfully produced several reporter constructs that provide insights into HuNoV replication and HuNoV-host interactions. Two constructs were made that incorporate GFP or Rluc reporters into the capsid protein within the ORF2 gene. These constructs allowed visualization and quantitation of the kinetics of capsid protein expression that complemented detection of VP1 and VP2 protein expression by IF (Fig. S4 D and E) , although these proteins were not detected by Western blotting. Although viral structural proteins and virus particles are produced, VP1 expression is likely still lower than in native infection and replication in infected humans. The expression of VP1 peaked at 24 hpt (Fig.  S5B) , when most of the expressed VP1 may be used for assembly of progeny virus. In addition, VP1 expression sharply decreased after 24 hpt in conjunction with the onset of CPE, which was detected in cells exhibiting the strongest GFP signal in the timelapse analysis (Fig. S5) . Cells with CPE ultimately shrank and died, and the continued reduction of VP1 expression may be because of a decrease of cells containing the HuNoV expression vector, because the produced virus particles are not transmitted to other noninfected cells in these cultures.
The observation of CPE in cells supporting HuNoV U201 replication is consistent with previous results of CPE in Huh7 cells 4-5 d posttransfection with HuNoV RNA (22) . In the current studies, some cells with a weak GFP signal (from 6 to 18 hpt) were affected with CPE when transfected with the pHuNoV U201F-ORF2GFP construct. Less CPE was seen in cells transfected with the RdRp KO construct (pHuNoV U201FΔ4607-ORF2GFP ), which would produce nonstructural proteins but not replicating RNA or amplification of the nonstructural proteins (Fig. S5A) . The enhanced CPE seen at later times posttransfection when the capsid proteins would be expressed as well as results using constructs expressing VP1 and VP2 from a single plasmid or individual plasmids suggested that CPE may correlate with the expression of VP2 in cells. These results are consistent with the existence of repliconbearing cell lines (40) that stably maintain the HuNoV genome without induction of CPE. The replicon cells were selected by virtue of the insertion of an antibiotic resistance gene into the VP1 capsid sequence of the HuNoV, and this system maintains an HuNoV replicon that continuously expresses nonstructural proteins but not the complete VP1 protein or any VP2 protein.
Either CPE correlates with expression of VP1 and VP2 or adaptation of the replicon cell line resulted in host or viral mutations that negate induction of CPE.
Other caliciviruses induce apoptosis that correlates with the onset of CPE and is reported to involve caspase activation in FCV- (41) and MNV-infected cells (42) , which may be activated by cathepsin B (43) . In these systems, it is postulated that the virus may induce apoptosis to expand the window of time for virus replication, and caspase inhibitors reduce MNV replication (43) . However, the best characterized noroviral or calicivirus proteins that regulate or are affected by apoptosis [the ORF1 encoded polyprotein of MNV (44), the unique VF1 protein of MNV (45) , and the leader of the capsid protein of FCV (46)] are either different or not expressed from the HuNoV genome, and therefore, the mechanism of CPE induction for HuNoV remains to be determined. Several of the HuNoV nonstructural proteins could be involved. They include either or both of the two nonstructural proteins [the N-terminal protein (p48) and the 3A-like (p22) protein] that reportedly inhibit cellular protein secretion (47, 48) or the protease that cleaves the poly-(A)-binding protein and reduces cellular protein translation (49) . Additional work using our reverse genetics system is required to understand the mechanism of CPE induction in HuNoV-expressing cells.
Immortalized cell lines are at least partially competent for HuNoV replication, because the RNA of Norwalk virus NV68 strain isolated from fecal samples can undergo a single round of replication when transfected into cells (22) . To pursue screening and identification of a fully permissive infection system for HuNoVs in cultured human cells, we produced reporter particles with GFP inserted into ORF1 that allows detection of HuNoV protein expression in cells. Although these particles are not directly infectious in currently tested cell systems, they should facilitate additional screening of molecules needed for viral infectivity in cultured cells. Others have sought to make reporter calicivirus systems. A site in the FCV genome that produces the capsid leader protein and can tolerate GFP insertion was identified, and detection of mature protein was consistent with the progression of CPE; however, serial passage of the constructs resulted in reduced or lost foreign protein expression (50) . Attempts to produce Tulane virus with GFP inserted into the N-terminal protein resulted in impaired infectivity (33) . The stability of the GFP-marked progeny HuNoV remains to be assessed.
Overall, we have developed a universal system that exploits EF-1α expression of an HuNoV genome using the GII.3 U201 strain as well as other HuNoV strains. The EF-1α system produces progeny viruses, although the yield of virus differs according to the virus strain being expressed and the cell line tested. HEK293T cells are capable of progeny virus production for all strains used to date. For the U201 strain, virus yields are highest in COS7 and 293T cells (production levels measured by quantification of encapsidated genome copies were 8.0 × 10 4 and 1.4 × 10 4 copies/10 6 cells, respectively). Lower yields were obtained in Huh7 and Caco2 cells (2.4 × 10 2 and 1.3 × 10 1 copies/10 6 cells, respectively) ( Table 1  and Fig. S7 ). Because our expression constructs contain the SV40 replication origin, the higher efficiency of progeny virus production may be affected by the presence of large T antigen in COS7 and HEK293T cells compared with Huh7 and Caco2 cells that lack T antigen. Insertion of the GFP reporter into the U201 genome decreased yields, but they were still the highest in the COS7 and HEK293 cells. The varied yields of the other HuNoV strains tested deserve comment. Expression of the TCH04-577 strain, which is a chimeric virus that contains GII.4 nonstructural proteins and the capsid proteins of a GII.3 virus, produced low yields in COS7 cells, with 10-fold higher yields in 293T cells, like the GI.1 NV68 strain. Future work will be needed to determine if transcription or translation factors of COS7 cells are better suited for expression and production for GII.3 viruses, such as the U201 genome, and are not as optimized for nonstructural protein expression of GII.4 as well GI.1 virus strains. Such work could lead to identification and understanding of strain-specific virus-host interactions.
Our success in using this system to express the MNV S7 strain (51-53) genome (Fig. 5 and Table 1 ) and produce infectious virus further validates this reverse genetics system. A rapid and simple single-plasmid transfection in HEK293T cells allows for the efficient and facile recovery of recombinant HuNoV strains and MNV. This system also provides the first helper-free transient replicon system, to our knowledge, for any HuNoV that can be readily modified and incorporated into screens for smallmolecule inhibitors or other antivirals. The GFP-tagged progeny virus production system should be useful to find susceptible cells and cell lines. Virus recovery is highly reproducible, produces authentic genome, and will be useful for additional structurefunction studies in many laboratories to allow substantial progress into the pathology and biology of virus-host interactions for HuNoV as well as will be useful to test antivirals.
Materials and Methods
Stool Sample. An original HuNoV GII.3 U201 stool sample was collected from an outbreak of gastroenteritis in Saitama prefecture in Japan in 1998. The U201 stool sample containing 10 9 copies/g stool HuNoV RNA was provided by Michiyo Shinohara and Kazue Uchida (Saitama Institute of Public Health, Saitama, Japan).
Plasmid Transfection and Detection of Protein and RNA Expression. For IF microscopy, Western blotting, and Northern blotting, cells were plated into 24-well plates at a density of 5 × 10 4 cells/well. After an overnight incubation at 37°C, the cells were washed two times with DMEM containing 2% (vol/vol) FBS, and 100 ng plasmid DNA construct per well was transfected using TransIT LT-1 (Mirus) following the manufacturer's instructions. The pDsRed2-ER Vector (Clontech) was cotransfected to visualize ER as described above. For progeny virus production, cells were plated into 10 T-225 culture plates containing 70% confluent cells, and the plasmid DNA construct (120 μg/flask) was transfected using TransIT LT-1 according to the manufacturer's instruction and then cultured at 37°C for 30 h.
Detection of Expressed HuNoV GII.3 U201 Proteins in Transfected Cells by IF Analysis. At various hpt, cells were rinsed one time with 0.1 M PBS and fixed in 4% (wt/vol) paraformaldehyde for 30 min at room temperature. After incubation of cells in 0.5% Triton X-100 and 0.1 M PBS for 15 min at room temperature to permeabilize, cells were blocked at 37°C for 2 h in 0.1 M PBS containing 1% BSA. Primary antibodies (1 μg/mL IgG final concentration) were added to the wells and incubated overnight at 4°C. After washing with 0.1 M PBS, the cells were incubated for 2 h at room temperature in a 1:1,500 dilution of the corresponding secondary antibody conjugated to Alexa Fluor 594 or 488. Nuclei were stained with 300 nM DAPI for 15 min at room temperature. After the final wash step, IF was performed with the IX-70 inverted microscope, the IX-81 inverted microscope with the DSU spinning disk deconvolution system (Olympus), and the A1-Rs inverted laser-scanning microscope (Nikon).
Purification of Progeny Virus Particles. The pooled culture supernatant and cells were harvested with nuclease-free water including 0.5% Zwittergent detergent (Calbiochem) and extracted with Vertrel XF (Miller-Stephenson). After centrifugation for 10 min at 12,400 × g, progeny virions were precipitated by a PEG-NaCl precipitation as described previously (22) . The precipitated virus was pelleted for 15 min at 10,000 × g, and the pellet was suspended in 0.1 M PBS. The virus suspension was pelleted through a 40% (wt/vol) sucrose cushion for 3 h at 124,000 × g and further purified by isopycnic CsCl-gradient centrifugation in milli-Q water (0.44 g/mL) for 24 h at 150,000 × g by using a Beckman SW55 Ti rotor. After gradient fractionation, each fraction was diluted 10 times in milli-Q water, and viruses were recovered by ultracentrifugation for 3 h at 150,000 × g. The presence of virus in each fraction was analyzed by Western blotting, Northern blotting, and EM after staining with 2% (wt/vol) uranyl acetate (pH 4). Isolation of RNA from each fraction and produced virus was performed using the QIAamp Viral RNA Mini Kit (Qiagen) following the manufacturer's instructions.
Observation of Reporter Expression in Live Cells. To observe reporter gene expression in live cells, 70% confluent cells were cultured in 35-mm glass-bottomed dishes. The plasmid construct pHuNoV U201F-ORF2GFP or pHuNoV U201FΔ4607G-ORF2GFP that contained the GFP gene as a reporter was transfected into the cells in the same way as described above. Live cell images were acquired at 48 hpt and reconstructed with the LCV110 Live Cell Imager (Olympus).
Detection and Transfection of Encapsidated RNA Extracted from Progeny Virus Particles. At 30 hpt, the culture supernatants and cells were harvested, and progeny virus particles were purified in the same way as described above. Purified progeny virus particles was pretreated with 0.01 M MgCl 2 , 10 mM Tris (pH 8.0), and 10 units DNase and RNase A for 30 min at 37°C. As a control, 500 ng in vitro-transcribed HuNoV U201 RNA and pHuNoV U201F plasmid were also treated in the same manner as the control described above. For extraction of encapsidated NoV RNA, purified progeny virions were treated with 20 μg/mL RNase A for 30 min at 37°C. HuNoV RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen) and used to transfect the cells. The GFP signals in RNA-transfected cells were observed with the Olympus inverted-system microscopes described above.
Infection of MNV to RAW264.7 Cells. HEK293T cells cultured in a six-well plate with 2 mL culture media were transfected with pMNV S7F and pMNV S7FΔ4572G using Lipofectamine 2000 (Invitrogen). Culture supernatants were collected at 48 hpt and stored at −80°C until use. Supernatant (500 μL) was inoculated onto RAW264.7 cells cultured in six-well plates. Cells and supernatants at 48 h postinfection were subjected to the following analysis. MNV infectivity was determined by TCID 50 assays in RAW264.7 cells (27) . Briefly, 10 wells of RAW264.7 cells seeded in a 96-well plate were inoculated with serially diluted culture supernatants (50 μL) of transfected 293T cells. After 7 d, cytopathic effect was observed by light microscopy. and the proteins were separated by SDS/PAGE. The separated proteins were transferred to a PVDF membrane using the iBlot System (Invitrogen). The membranes were then incubated with primary protein-specific antibody or anti-U201 VLP antibody followed by the addition of appropriate secondary antibody, and the target protein was detected by using Supersignal Femto (Pierce) and then scanned by LAS3000 (Fujifilm).
Northern Blotting. RNA was extracted from cells harvested at 24 and 48 h posttransfection using Isogen RNA extraction reagents (Nippon Gene) according to the manufacturer's instructions. RNA was extracted from the original U201 stool sample with the Qiagen Viral RNA Mini Kit (Qiagen). RNA samples were loaded onto a denaturing agarose gel for Northern blotting using the NorthernMax Kit (Ambion). The RNA probe was prepared by in vitro transcription using the Riboprobe T7 Kit (Promega) in the presence of 100 μCi [α- 33 P]UTP (20 mCi/mL). To detect positive-strand NoV RNA, the negative-sense RNA probes were generated from a 5,370-7,343-nt PCR amplicon. To detect negative-strand NoV RNA, the sense RNA probes were generated from a PCR amplicon that was produced by PCR with T7GGG-U201-7343A 5′-GATCGATCtaatacgactcactataggg-TGGAGTGACAAAAGCTGTCCTGAG-3′ and U201-5370S 5′-GCTAGAATGTACAATGGTTATGCAG-3′. To detect positivestrand NoV RNA, the sense RNA probes were generated from a PCR amplicon that was produced by PCR with T7GGG-U201-5370S 5′-GATCGATC taatacgactcactatagggGCTAGAATGTA-CAATGGTTATGCAG-3′ and U201-7343A 5′-TGGAGTGA-CAAAAGCTGTCCTGAG-3′. The lowercase letters represent T7 RNA polymerase promoter sequences. The genomic and subgenomic RNA controls included RNA transcripts derived from in vitro transcription from the previously described plasmids containing genomic and subgenomic sequences under a T7 promoter (6).
Identification of 5′ and 3′ Ends of Viral Genomic and Subgenomic
RNA. The nucleotide sequence of the 5′ end of the genomic and subgenomic RNA extracted from agarose gel electrophoresis and also extracted from progeny viruses was determined by 5′ rapid amplification of the cDNA end (5′ RACE) with RNA-RNA ligation (7) with purified genomic RNA and DNA-DNA ligation (8) with cDNA. The nucleotide sequence of the 3′ end of the genome was determined by 3′ RACE.
Luciferase Assays. For the measurement of luciferase activity, cells cultured in 96-well plates (2 × 10 4 cells/well; Falcon) were transfected with the Rluc constructs pHuNoV U201F-ORF2Rluc or pHuNoV U201FΔ4607G-ORF2Rluc . Cells in eight wells were harvested at the time indicated by adding 50 μL passive lysis buffer/well (Promega), and 5 μL lysate/well was used for the measurement of luciferase activity using the Luciferase Assay System (Promega) and a TR717 Microplate Luminometer (Applied Biosystems) according to the manufacturers' instructions.
Semiquantitative Long-Distance RT-PCR. The yield of progeny virus was determined by semiquantitative long-distance RT-PCR, because high background levels of plasmid DNA prevented performing quantitative PCR. Virus released into 1 mL culture supernatant at 48 h posttransfection was treated with RNase OUT (Invitrogen) and Turbo DNase (Ambion) for 1 h at 37°C. The progeny virus was immunoprecipitated with 1 μg antibody against target progeny virus and 5 μg protein A magnetic beads (Invitrogen). Encapsidated RNA was extracted from the captured progeny virus and determined by long-distance nested RT-PCR. To detect NV68, Tx30SXN and COG1F primers (9) were used for first-step RT-PCR (∼2.6 kbp), and then, G1SKF and G1SKR primers (10) were used for nested step PCR (∼300 bp). To detect GII progeny viruses (U201, TCH, and Saga1), the Tx30SXN (6) and COG2F primers (9) were used for the first step, and then, the G2SKF and G2SKR primers (8) were used for nested step PCR. To detect MNV, Tx30SXN and MNV F1 primers (11) were used for the first step (∼2.6 kbp), and MNV-S (12) and MNV-R2 (11) primers were used for the nested step (∼400 bp). PCR products were subjected to agarose gel electrophoresis in the presence of 0.5 μg/mL ethidium bromide (Invitrogen). Band intensities were quantitated by LAS3000 (Fujifilm) with a standard curve using in vitro-transcribed complete-length U201 RNA with 10 times dilution series (10 0 -10 5 copy numbers). ) with a point mutation in the protease motif, knocking out protease activity. Construct pHuNoV U201F-ORF1-IRES-GFP has an encephalomyocarditis virus, internal ribosomal entry site, and GFP (EMCV-IRES-GFP) gene (1,373 nt) with a stop codon that was cut from the pIRES2-EGFP vector using restriction enzymes XhoI and XbaI and the U201-ORF1 region from 2,518 to 3,859 nt (3A-like protein to protease coding region; 1,341 nt) using unique restriction sites XhoI and XbaI. This construct Legend continued on following page was used as a transfection control to monitor transcription from the EF-1α promoter in Northern blotting. Construct pHuNoV U201-ORF2,3 lacks ORF1 and expresses the capsid proteins. *Point mutation site. (D) Constructs where GFP (light gray boxes) or Rluc (dark gray boxes) is inserted into ORF2 in the full-length genome. Two additional constructs contain a point mutation at nucleotide position 4607G in the RdRp gene, resulting in a frame shift in the U201 genome sequence; these mutants with the 4607G deletion do not produce RdRp. (E) Construct with GFP (light gray box) inserted between the NTPase and the 3A-like protein surrounded by protease cleavage sites. A derivative construct contains the point mutation in the protease. *Point mutation site. (F) The full-length genomes of TCH04-577 (GII.P4-GII.3 chimeric virus), Saga1 (GII.4), NV68 (GI.1), and MNV S7 (GV.1) were inserted into the pKS435 vector at the same position as pHuNoV U201F using the InFusion cloning system. The pMNV S7FΔ4572G was constructed from pMNV S7F as a negative control similar to pKSF U201Δ4607G-ORF2GFP and pKSF U201Δ4607G-ORF2Rluc . Fig. S2 . Detection of pHuNoV U201FproM -and pHuNoV U201-pro -or pHuNoV U201-proM -transfected COS7 cells at 24 h posttransfection by immunofluorescence staining for each nonstructural protein using antiserum against the N-term, NTPase, 3A-like, protease, and RdRp (from left to right, respectively) followed by incubation with Alexa Fluor 488-labeled anti-rabbit IgG. VPg protein was detected with the mAb U201 VPg and Alexa Fluor 594-labeled anti-mouse IgG. The amount of progeny virus was determined by detection of RNA from 1 mL supernatant harvested at 48 h posttransfection from either COS7 or 293T cells, respectively, transfected with the indicated plasmid constructs for GII strains using conventional RT-PCR. The pHuNoV U201FΔ4607G RdRp deletion mutant was used as a negative control.
